Context. The metallicity dependence of the Cepheid period-luminosity (PL) relation is of importance in establishing the extra-galactic distance scale. Aims. The aim of this paper is to investigate the metallicity dependence of the PL relation in V and K, based on a sample of 128 Galactic, 36 Large Magellanic Cloud (LMC), and 6 Small Magellanic Cloud (SMC) Cepheids with individual Baade-Wesselink (BW) distances (some of the stars also have an Hubble Space Telescope (HST) based and Hipparcos parallax or are in clusters) and individually determined metallicities from high-resolution spectroscopy. Methods. Literature values of the V-band, K-band, and radial velocity data were collected for the sample of Cepheids. Based on a (V − K) surface-brightness relation and a projection factor, distances were derived from a BW analysis. Results. The p-relation finally adopted is 1.50 − 0.24 log P. The slope of this relation is based on the condition that the distance to the LMC does not depend on period or (V − K) colour and that the slope of the PL relation based on the BW distances agrees with that based on apparent magnitude. The zero point of the relation is tight to the Cepheids with HST and revised Hipparcos parallaxes as well as to Cepheids in clusters. The slope of the Galactic and LMC K-band relation formally agrees within the errors, and combining all Cepheids (including the SMC) results in a negligible metallicity dependence and a relation of M K = (−2.50 ± 0.08) + (−3.06 ± 0.06) log P. A similar conclusion is found for the reddening-free Wesenheit relation (W(V K) = K − 0.13 (V − K)), with M WVK = (−2.68 ± 0.08) + (−3.12 ± 0.06) log P. In the V-band the situation is more complex. The slope of the LMC and the Galactic PL relation differ at the 3σ level. Combining the sample nevertheless results in a metallicity term significant at the 2σ level: M V = (−1.55±0.09)+(−2.33±0.07) log P+(+0.23±0.11) [Fe/H]. Taking only the Galactic Cepheids, the metallicity term is no longer significant, namely (+0.17±0.25). Compared to the recent works by Storm et al. (2011a, b), there is both agreement and disagreement. A similar dependence of the p-factor on period is found, but the zero point found here implies a shorter distance scale. The distance modulus (DM) to the LMC and SMC found here are 18.29 ± 0.02 and 18.73 ± 0.06 (statistical error on the mean), respectively. Systematic differences in reddening could have an effect of order +0.05 in DM. The details of the comparison of BW-based distances and Cepheids with HST and revised Hipparcos parallaxes also play a role. The method used by Storm et al. would lead to larger DM of 18.37 and 18.81 for the LMC and SMC, respectively. The LMC DM is shorter than the currently accepted value, which is in the range 18.42 to 18.55 (Walker 2012), and it is speculated that the p-factor may depend on metallicity. This is not predicted by theoretical investigations, but these same investigations do not predict a steep dependence on period either, indicating that additional theoretical work is warranted.
Introduction
Cepheids are considered an important standard candle because they are bright and thus the link between the distance scale in the nearby universe and that further out via those galaxies that contain both Cepheids and SNIa (e.g. Riess et al. 2009) Distances to local Cepheids may be obtained in several ways, e.g. through main-sequence fitting for Cepheids in clusters (e.g. Feast 1999 , Turner 2010 or via determination of the parallax. Benedict et al. (2007) published absolute trigonometric parallaxes for ten Galactic Cepheids using the Fine Guidance Sensor on board the Hubble Space Telescope, and revised Hipparcos parallaxes have also become available (van Leeuwen et al. 2007 ).
In addition, distances to Cepheids can be obtained from the Baade-Wesselink (BW) method. This method relies on the availability of surface-brightness (SB) relations to link variations in colour to variations in angular diameters and an understanding Send offprint requests to: Martin Groenewegen of the projection (p-) factor, which links radial velocity to pulsational velocity variations.
A lot has been published on the subject over the past decade by the group of Storm/Gieren/Fouqué and coworkers , Fouqué et al. 2007 , which culminated in the recent works by Storm et al. (2011a, b) . In those two papers, the authors analysed 70 Galactic and 41 Magellanic Cloud (MC) Cepheids. They found that, (a) the p-factor depends quite steeply on period, confirming Gieren et al. (2005) , based on the requirement that the distance to the (barycenter of the) Large Magellanic Cloud (LMC) should not depend on period, (b) the K-band period-luminosity (PL) relation is universal, M K = −3.30 (±0.06) (log P − 1) − 5.65 (±0.02), (c) the K-band PL relation is insensitive to metallicity, and (d) a distance modulus to the barycenter of the LMC of 18.45 ± 0.04 for a p-factor relation 1.550 − 0.186 log P, where the zero point was calibrated on the Cepheids with Hubble Space Telescope (HST) parallaxes (Benedict et al. 2007 ).
Independently, Groenewegen (2007, hereafter G07) investigated the SB relation (finding excellent agreement with the relation by Kervella et al. 2004a ) and the p-factor, based on six Cepheids with interferometrically measured angular-diameter variations and known distances. Groenewegen (2008, hereafter G08) presented BW distances to 68 Galactic Cepheids with individually determined metallicities from high-resolution spectroscopy.
The main aim of that particular work was to address the metallicity dependence of the PL relation, which remains a matter of debate. Observations seem to consistently indicate that metal-rich Cepheids are brighter, and various estimates have been given in the literature, −0.88 ± 0.16 mag/dex (BRI bands, Gould 1994), −0.44 +0.1 −0.2 mag/dex (VR bands, Sasselov et al. 1997 ), −0.24 ± 0.16 mag/dex (VI bands, Kochanek 1997), −0.14 ± 0.14 mag/dex (VI bands, Kennicutt et al. 1998 ), −0.21 ± 0.19 in V, −0.29 ± 0.19 in W, −0.23 ± 0.19 in I, −0.21 ± 0.19 mag/dex in K ), −0.29 ± 0.10 mag/dex (BVI bands, Macri et al. 2006) . G08 found values of +0.27 ± 0.30 mag/dex (V-band) and −0.11 ± 0.24 mag/dex (K-band).
Since then, values have been reported of −0.29 ± 0.11 mag/dex (W VI , Scowcroft et al. 2009) , and a very steep value of ∼−0.8 ± ∼0.2 (W VI , Shappee & Stanek 2011) . Finally, Storm et al. (2011) quote slopes of −0.23 ± 0.10 mag/dex (W VI ), +0.09 ± 0.10 mag/dex (V-band), and −0.10 ± 0.10 mag/dex (Kband) .
With the exception of Groenewegen (2008) , no individual abundance determinations of individual Cepheids are used in these studies. Instead, abundances of nearby Hii regions or even a mean abundance of the entire galaxy are used. Even in the recent work by Storm et al. all Galactic, Small Magellanic Cloud (SMC) and LMC Cepheids were assigned a metallicity typical of that galaxy.
The present paper is an update of Groenewegen (2007 Groenewegen ( , 2008 ) and takes into account the latest available data, in terms of interferometrically determined angular diameters, photometric and radial velocity data, and individually determined metallicities. In this paper, we revisit BW distances to Cepheids with metallicity determinations, increasing the sample to over 120 Galactic stars, adding 6 SMC and 42 LMC objects, and using updated p-factor and SB relations. Section 2 describes the selection of the photometric and radial velocity data. Section 3 outlines how the data are modelled. In Sect. 4, the surface-brightness relation is discussed. Section 5 describes how the binary Cepheids are treated, and new and updated orbital elements are presented. Section 6 describes the results regarding the period-luminosity(-metallicity) (PL(Z)) relation. Section 7 presents conclusions. Table 1 lists the 128 Galactic classical Cepheids used in this study. This is a significant increase with respect to the 68 stars considered in G08. This sample represents essentially all Galactic Cepheids with accurate individually determined metallicities (mostly from Lambert 2011 and ) that have sufficient optical, K-band, and radial velocity data available for a BW analysis 1 . The single largest new dataset that made this increase in sample size possible is the recent publication of near-infrared light curves of 131 northern Cepheids by Monson & Pierce (2011) .
The sample
1 Some Cepheids have considered, but the datasets were deemed insufficient for an accurate BW analysis: BK Aur and GH Cyg (too poor radial velocity data), EV Sct and X Sct (too poor NIR data).
Contrary to G08, 42 Magellanic Cloud (MC) Cepheids are also considered here, and Table 2 lists that sample. The radial velocity data presented by Storm et al. (2011b) contribute significantly to the fact that a BW analysis is now feasible for a sizeable sample of MC Cepheids. Tables 1 and 2 list the sources of the V-band, K-band, and radial velocity data, as well as data which were not considered in the BW analysis 2 . Sometimes a certain range in Julian date is excluded, mostly to exclude some of the older datasets, which are less accurate. This is also done because there is a clear change in pulsation period, and these cases are marked byṖ.
Since 2008, additional radial velocity data has been obtained using the 1.2m Euler telescope located at the La Silla observatory (see G08 for a description of the data taking and data reduction). The new Radial Velocity (RV) data are presented in Table 3 . Tables 4 and 5 Luck & Lambert (2011) and , while the majority of MC Cepheid determinations are from Romaniello et al. (2008) . To put all metallicities on the scale of Luck & Lambert (2011) , differences were determined between the other references and them. Following the reference numbers in Table 4 , the differences are 2-1 = −0.07±0.09 (N= 184 objects in common), 3-1 = −0.11±0.11 (N= 25), 4-1 = −0.18±0.08 (N= 11), and 5-1 = −0.09 ± 0.07 (N= 47). The [Fe/H] values used in this paper are the published values corrected for these offsets.
For the five SMC Cepheids without metallicity determination the value in Storm et al. (2011b) is adopted: [Fe/H]= −0.68. For the four Cepheids in the LMC cluster NGC 1866 without a metallicity determination a value of −0.39 is adopted. This is the median of the values of the three Cepheids in the cluster that do have a metallicity determination (HV 12197, HV 12199, and We2 (Molinaro et al. 2012) ) and is in agreement with the average metallicity of −0.43 determined by Mucciarelli et al. (2011) . For the other LMC Cepheids without metallicity determination, the value used in Storm et al., −0.34 is used. This is very close to the median value of −0.36 of the 12 LMC Cepheids not in NGC 1866 listed in Table 5 .
Reddening values with errors were preferentially taken from Fouqué et al. (2007, for 105 objects) and otherwise from van Leeuwen et al. (2007, for 16 objects, the value listed as ET in their Table A1 ), Andrievsky et al. (2002, four objects) , Luck et al. (2011, one object), and Tammann et al. (2004, two objects) . For the MC Cepheids, the values in Storm et al. (2011b) were adopted with an error in E(B − V) of 0.005. The E(B − V) values and errors are listed in column 2 of Table 10 .
The following Galactic Cepheids are considered to be first overtone pulsators (e.g. Klagyivik & Szabados 2009 ): FF Aql, SZ Tau, SU Cas, QZ Nor, GH Lup, DT Cyg. When relations are plotted against period, their periods are "fundamentalised" following Alcock et al. (1995) . None of the LMC and SMC Cepheids in the sample are believed to be overtone pulsators. 2, 3, 13, 27, 30, 116 111 9, 28, 33, 39, 117, 118, 9 JD < 40000 BB Sgr 2, 3, 16, 23, 63 6, 24 20, 33, 39, 44, 47, 44 JD < 44400 BE Mon 3,125 111 4 beta Dor 3, 11, 16, 35 6, 18 11, 19, 20, 21, 22, 20 JD < 40000 BF Oph 2, 3, 16, 23, 63 6, 18, 24 10, 20, 39, 44, 76 2, 3, 11, 12, 13, 27 12, 98 4, 9, 14, 25, 28, 29, 37, 9 JD < 43500 DL Cas 2, 3, 11, 13 111 4, 33, 44, 105, 122 11, 3, 4, 27, 30, 31 24, 32 4, 9, 28, 29, 33, 32, 9+28 JD < 33400 eta Aql 2, 3, 12, 13, 16, 23, 27, 35 12, 24 9, 14, 20, 25, 28, 29, 36, 9 FF Aql 2, 3, 11, 16, 23, 27, 30, 31 18, 24, 32 9, 20, 28, 29, 33, 38 3, 32 2,3,5,11,16,84 6,8,24 11,19,25,44 -,-,44 JD < 42000, JD > 50000,Ṗ RT Aur 2,12,27,31,45 12,32,111 9,28,29,33,37,46 -,32,9 JD < 40000 RU Sct 2,3,16 6,111 26,33,39,105 -,-, 
The model
The model is outlined in G07 but will be briefly repeated here. The V-, K-and RV data with error bars are fitted with a function of the form
where P = e − f is the period (in days). The period is determined from the fit to the available optical photometry as this dataset is usually the most extensive. The period is then fixed when fitting Eq. 1 to the K-band and RV data.
The determination of the parameters is done using the mrqmin routine (following the Levenberg-Marquardt method) from Press et al. (1992) , which minimises
with F i the measurement at time t i , which has an error bar σ F i . Also the reduced χ 2 is defined as
and the quantity BIC as 3, 5, 11, 16 6 1, 11, 20, 47 S Mus 3, 11, 23, 40 6, 24 10, 11, 20, 22, 41, 47, 48, 49, 41 JD < 30000 S Nor 3, 4, 23, 40 6, 24 4, 10, 20, 41, 47, 49, 51, 52, 41 JD < 30000 S Sge 2, 3, 11, 12, 13, 23, 27, 30, 40 12, 24, 32 9, 14, 28, 29, 33, 37, 54, 55, 32, 9+28+54 SS Sct 2, 3, 16, 23, 63 24, 111 39, 42, 44, 63, 114 JD < 30000 ST Tau 2, 3, 12, 31, 90 111 4, 33, 44 90, 3, 9, 27, 31 12, 32 4, 9, 25, 28, 29, 33, 57, 58, 59, 60, 61, 32 2,3,4,9,27,64 6,12,24,111 4,9,14,15,25,28,29,33,39,65 ,3,4,12,27,31 6,12,32 4,9,28,29,33 -,32,9 JD < 43000, JD > 48000,Ṗ T Mon 1, 2, 3, 11, 16, 35, 64 6, 24, 32, 111 4, 9, 25, 29, 33, 37, 48, 65, 66, 67, 68, 69, 70, 71, 72, 32, 70 JD < 44500 TT Aql 2, 3, 11, 12, 16, 27, 64, 74 12, 24, 111 9, 11, 14, 15, 22, 25, 28, 33, 37, 39, 74 JD < 47000 T Vel 3, 16, 75 6, 18 10, 20, 18, 3, 4, 12, 27, 31 12, 24, 32, 98 4, 9, 14, 28, 29, 32 2,3,4,16,23,35,63 6,24,32,111,115 4,9,10,11,20,25,28,33,39,47,51,76,77,78 -,32 2,3,23,63,99 18,24 20,22,33,39,44,76,83,114 -,18,76 where p = 2N + 2 is the number of free parameters (p = 2N + 1 when fitting the RV and K light curve). As the number N of harmonics to be fitted to the data is a priori not known, one could obtain ever better fits (lower χ 2 ) by increasing N. The Bayesian information criterion (Schwarz 1978 ) is a formalism that penalises this, and N (for the V, K and RV curve independently) is chosen such that BIC reaches a minimum. The number of harmonics used varies between 3 and 10 in the optical, 1 and 5 in the NIR, and 2 and 8 for the RV curves.
Given the analytical form of Eq. 1, the RV curve can be exactly integrated to obtain the variation in radius as a function of time (phase):
where γ is the systemic velocity, v R the radial velocity, p the projection factor and δθ allows for a phase shift between the RV curve and the angular-diameter variations determined via the SB relation. 2,3,23,35,40,85 24,32,86 4,9,10,20,22,28,47,48,85,87,88,89 -,- , 3, 4, 27, 64 12, 24, 32, 98 4, 14, 25, 29, 33, 32, 3, 12, 13 12, 111 4, 14, 33, 12, 44 X Pup 2, 3, 5, 11, 16, 23 6 11, 23, 44, 113 5, 3, 11, 16, 23, 35, 99 24, 32, 104 9, 10, 11, 20, 28, 47, 52, 101, 102, 103, 32 2,3,11,16,23,35 24,32 9,11,19,20,28,46,49,93,94,113,114 -,32 
Notes.
(a) The number indicates the dataset not used in V, K, RV, respectively. References. 1= Coulson & Caldwell (1985a) ; 2= Moffett & Barnes (1984) ; 3= Berdnikov et al. (2000) , a datafile named "cepheids-16-03-2006" was retrieved from the ftp address listed in that paper; 4= Bersier et al. (1994) ; 5= Madore (1975) ; 6= Laney & Stobie (1992) ; 7= Schechter et al. (1992) ; 8= Welch (1985) ; 9= Barnes et al. (1987) , points with uncertainty flag ":" were removed; 10= Stibbs (1955) ; 11= Bersier (2002) , data points with weight 0 and 1 in the Geneva photometry were removed; 12= Barnes et al. (1997) Barnes et al. (1988) , points with uncertainty flag ":" were removed; 45= Turner et al. (2007) ; 46= Duncan (1908) ; 47= Lloyd Evans (1968) ; 48= Petterson et al. (2004) ; 49= Campbell & Moore (1928); 50= Böhm-Vitense et al. (1990) ; 51= Mermilliod et al. (1987) ; 52= Feast (1967) ; 53= Breger (1970) ; 54= Evans et al. (1993) ; 55= Herbig & Moore (1952) ; 56= Breitfellner & Gillet (1993) ; 57= Adams & Shapley (1918) ; 58= Abt (1959) ; 59= Niva & Schmidt (1979) ; 60= Gieren (1976); 61= Häupl (1988) ; 62= Beavers & Eitter (1986) ; 63= Gieren (1981b) ; 64= Szabados (1981) ; 65= Sanford (1956) ; 66= Evans et al. (1999) ; 67= Frost (1906) ; 68= Sanford (1927) ; 69= Wallerstein (1972) ; 70= Coulson (1983) ; 71= Evans & Lyons (1994) ; 72= Gieren (1989) ; 73= Harper (1934) ; 74= Coulson et al. (1985) ; 75= Gieren (1985) ; 76= Gieren (1981a) ; 77= Jacobsen (1970) ; 78= Breger (1967) ; 79= Sanford (1951) ; 80= Imbert (1996) ; 81= Coulson & Caldwell (1985b) ; 82= Eggen (1983) ; 83= Evans & Sugars (1997) ; 84= Hipparcos Epoch Photometry; 85= Babel et al. (1989) ; 86= Kimeswenger et al. (2004) ; 87= Albrow & Cottrell (1996) ; 88= Jacobsen et al. (1984) ; 89= Jacobsen (1974) ; 90= Henden (1980) ; 91= Evans & Lyons (1992) ; 92= Abt & Levy (1978) ; 93= Duncan (1922) ; 94= ten Bruggencate (1930); 95= ; 96= Gieren (1989) ; 97= Sugars & Evans (1996) ; 98= Fernley et al. (1989) Then, the equation
is fitted with θ the angular diameter in mas, R 0 the stellar radius in solar radii and d the distance in pc. Compared to G08, the fitting procedure was changed. In G08, the fitting was done implementing the linear bisector (using the code SIXLIN from Isobe et al. 1990 ) as used and preferred by e.g. , , Gieren et al. (2005) , and Storm et al. (2011a, b) . The bisector is still the preferred method, but errors in both ∆R and θ are now taken into account using the Bivariate Correlated Errors and intrinsic Scatter (BCES) method (Akritas & Bershady 1996) 3 . The error in θ(t) includes the error in V and K magnitude and the error in Notes. (a) The number indicates the dataset not used in V, K, RV, respectively. ( * ) Objects marked by a ⋆ are located in the SMC. References. 1001= Storm et al. (2004 ; 1002= Madore (1975); 1003= Van Genderen (1983 ; 1004= OGLE-III data (Soszynski et al., 2008 (Soszynski et al., , 2010 ; 1005= Eggen (1977 ; 1006= Martin & Warren (1979 ; 1007= Moffett et al. (1998) ; 1008= Laney & Stobie (1986 ; 1009= Welch et al. (1987 ; 1010= Imbert (1989) 
E(B − V)
, while the error in ∆R includes the error in the Fourier coefficients, see Eq. 1. An alternative method is also considered based on a non-linear least-squares fit with four parameters (p, d, R 0 , and δθ). When the distance is known (the Cepheids with HST parallaxes, see Sect. 4), one solves for p (R 0 and δθ). In most cases (Sect. 6), one solves for d (R 0 and δθ) for a given p. In G08, this method was already implemented in order to derive δθ. Then the bisector method was used with this δθ in order to derive the distance. However, the value of δθ that best fits the data from the non-linear fit does not necessarily best fit the data using the bisector. In the present paper, the non-linear fit is used to derive δθ and its error, and the BCES method is used for 21 values of δθ within ±4σ of its best-fit value to find the bestfitting distance. In some cases, a phase range around 0.85-0.95 is excluded from the fit (likely related to shocks in the stellar atmosphere close to minimum radius).
The p-factor and surface-brightness relation
One way of deriving the p-factor (and its dependence on period) is to use interferometrically determined angular diameters for a sample of stars with known distances, e.g. Mérand et al. (2005) and G07. The conclusion in G07 was that, statistically, there was no need to include a period dependence and that a constant value of p = 1.27 ± 0.05 fitted the available data at that time, based on six stars.
The theoretical investigation by Nardetto et al. (2007) suggested that there is a difference between the p-factor to be used with wide-band interferometry (like in G07) and with RV data (when applying the SB technique as in G08 and the present study). For δ Cep, this difference is of the order of 0.06 , in the sense that in SB studies the p-factor is slightly larger and p = 1.33 was used in G08.
New interferometric angular-diameter determinations have become available since 2008, and the p-factor dependence on period is investigated first. Table 6 lists the stars with an independent distance estimate and/or interferometrically determined (limb-darkened) angular diameters. Columns 2 and 4 give the period and E(B − V) value.
The distances come primarily from van Leeuwen et al. (2007) , who took the weighted average of the HST determined parallax (Benedict et al. 2007 ) and the revised Hipparcos parallax given in the same paper (the exception was Y Sgr for which the HST value was adopted). The Lutz-Kelker (LK) correction (Lutz & Kelker 1973) in Col. 4 is taken from van Leeuwen et al. (2007) and included in determining the most probable distance. For δ Cep and ζ Gem, the recent distance determinations to the host clusters (Majaess et al. 2012a, b) were also considered in the distances finally adopted, which are listed in Col. 6. Column 7 lists the references to the interferometric observations. Columns 8 and 9 list the derived p-factor and mean radius. The first error bar is the error in the fit, while the second is the error due to the error in the distance.
The analysis of these eight stars allows one to derive a period-radius (PR) relation, which is shown in Fig. 1 . A linear weighted least-squares fit results in log R = (0.696 ± 0.033) log P + (1.115 ± 0.030), σ = 0.022, (7) where the two error bars for R listed in Table 6 have been added quadratically. Figure 1 shows the recent PR relation from Molinaro et al. (2011) , log R = (0.75±0.03) log P+(1.10±0.03), for comparison.
Using the PR relation of Eq. 7, the radii of η Aql and Y Oph were estimated with their error bar. For this radius, the distance and p-factor were determined with their error bars (the internal error is listed first, and then the error due to the uncertainty in R). Figure 2 plots the relation between the derived p-factor and log P for the seven stars with an error (the quoted error bars on p were added quadrature) less than 0.4. A weighted least-squares fit is made to find that there is no evidence from this data alone of a dependence on period: p = (1.24 ±0.12) +(+0.03±0.13) log P, nor on period and metallicity: p = (1.75 ± 0.40) + (+0.06 ± 0.13) log P + (−4.5 ± 3.4) [Fe/H]. The best-fitting constant value is p = 1.264 ± 0.036, similar to what was found in G07.
Independently of the derivation of the PR relation or the pfactor, the available interferometric, optical, and infrared data can be used to calibrate the SB relation for Cepheids, very much in line with Kervella et al. (2004a) and G07. An SB relation can be defined as follows (see van Belle 1999):
where θ is the LD angular diameter (in mas) and m 1 a dereddened magnitude (for example, V). The logarithm of this quantity (the zero magnitude angular diameter) is plotted against a de-reddened colour (for example, (V − K) 0 ),
The aim is to determine the coefficients a and b. Table 7 list the various results. Figure 3 shows the results, including all objects and where the error in the angular-diameter determination is less than 0.2 ′′ to exclude some extreme outliers. Different stars are marked by different symbols as given in the caption. The relation is extremely well defined but as noted in G07 Y Oph (the * -symbol) clearly lies below the relation, and there are still some data points with large error bars (e.g. W Sgr, indicated by the ⋆ symbol). The determination of the SB relation is affected by reddening, and Y Oph has by far the largest reddening of the stars under consideration here. A reddening of E(B − V) ∼ 1 would bring it onto the relation. Figure 4 shows the results ignoring Y Oph and selecting only angular diameters determined with an error <0.065
′′ . More complicated relationships than Eq. 9 were also investigated, in particular adding a quadratic term in (V − K) This result does not depend on X Sgr at [Fe/H]= −0.20. Excluding it still results in a coefficient determined at the 3σ level. Uncertainties in reddening could introduce a metallicity dependence. When FF Aql is ignored as well, thereby restricting the sample to the stars with E(B − V) less than 0.15, and only angular diameters determined with an error <0.05 ′′ are selected, the coefficient is determined at the the 2σ level (see Fig. 5 ).
Excluding X Sgr, the spread in [Fe/H] over the sample is small and comparable to the measurement error. To test a possible metallicity dependence of the SB relation, a Monte Carlo simulation was performed, assuming a Gaussian error of 0.05 dex in [Fe/H] and Gaussian errors in E(B − V), V, and K. The resulting SB relations are reported in Cols. 8-12 of Table 7 . The dependence on metallicity is weaker now, at the 1σ level or less.
The SB relation adopted in this paper is based on the second solution from Table 7 , log θ 0 = 0.2674 (V − K) 0 +0.5327. Table 7 also includes other SB relations, including the one by Kervella et al. (2004a) , which has also been used by Storm et al. (2011a, b) 4 . The agreement is excellent. Figure 6 compares the angular diameters determined from interferometry with those calculated from photometry and the SB relation for δ Cep and l Car, the two Cepheids with the best and most extensive set of interferometrically determined angular diameters. The agreement is very good and illustrates the power of SB relations. 
Binary Cepheids
A number of stars in the sample are known or suspected spectroscopic binaries. In order to apply the SB technique outlined in the previous section, the RV data have to be corrected for the binary motion. The procedure is outlined in G08. For a number of stars 5 , the elements of G08 were used. For FF Aql, V350 Sgr, V496 Aql, and VZ Cyg, new RV data allowed for an improved orbit compared to G08. For X Sgr, the new RV data do not support the solution presented in G08. Although a period analysis continues to show a peak at 572 days, the binary solution is not satisfactory. For X Sgr no binary orbit is assumed here. The orbital elements (three updated and five new orbits) are listed in Table 8 .
For V496 Aql the period changed considerable. A period analysis showed that the period preferred in G08 (1331 days) only has the third highest peak in the current Fourier spectrum and that 1065 days clearly shows the better fit. For V350 Sgr the orbit is updated and compares well to the recent orbit by Evans et al. (2011) . For the known spectroscopic binaries, the derived orbital parameters are close to literature values, cf. RX Cam (Imbert 1996) , DL Cas (Gieren et al. 1994) , MW Cyg (Imbert 1996, and Rastorgouev et al. 1997 . The eccentricity derived here is in between the two values quoted), AW Per (Evans et al. 2000) , and U Aql . For Y Oph, the very non-eccentric orbit proposed by Abt & Levy (1978) is not confirmed.
Results

The period dependence of the p-factor
In their most recent work, Storm et al. (2011a) proposed a pfactor of (1.55 ± 0.04) − (0.186 ± 0.06) log P, confirming their earlier result of p = (1.58 ± 0.02) − (0.15 ± 0.05) log P by Gieren et al. (2005) . The slope is derived from the requirement that the distance to the barycenter of the LMC should not depend on period.
Independently, for the Galactic Cepheids with HST parallaxes, one can determine the p-factor which makes the BW distance equal to the HST-based distance. Storm et al. (2011a) find p = (1.65 ± 0.07) − (0.28 ± 0.08) log P. The p-factors derived in this way are reported in Col. 10 of Table 6 and a fit to the six stars with and error <0.15 gives p = (1.33 ± 0.16) − (0.07 ± 0.16) log P. The best-fit constant value is p= 1.27 ± 0.03. In a similar fashion, Ngeow et al. (2012) considered not only stars with an HST parallax (from van Leeuwen et al. 2007 ) but also Cepheids in clusters (from Turner 2010), determining that pfactor that makes the BW distance (which they took from Storm et al.) equal to the independently known distance. They find p = (1.462 ± 0.087) + (−0.172 ± 0.086) log P, or, excluding the outlier FF Aql, p = (1.447 ± 0.070) + (−0.159 ± 0.070) log P. Figure 7 shows the distance to the LMC Cepheids versus log P for p= 1.33. As the distance is proportional to the p-factor and since the dependence on period is assumed to be linear in log P, the slope in this plot indicates what the p − log P dependence should be to have no dependence of distance on period. Depending on whether the slope is derived from the bisector (the dashed line), or a weighted least-squares fit (the solid line), the result is −0.28 ± 0.05 or −0.21 ± 0.04, respectively. One can also make the consideration that the distance should be independent of (mean) (V − K) colour. Figure 7 shows the result for p= 1.33. As period and colour are related, this is not independent of the earlier estimate. Trying various coefficients, it is found that a slope of −0.21 ± 0.05 or −0.24 ± 0.05 will give no dependence on colour, for the bisector and weighted leastsquares fit, respectively.
The BW method is primarily of interest because it gives absolute distances. For the Cepheids in the LMC, one can also expect and demand that the slope of the PL relation in the V− and K−band is independent of whether it is derived from M V and M K taking the BW distances or from the purely observed mean V 0 and K 0 magnitudes.
The observed PL relations are listed in Table 9 and shown in Fig. 8 . Apart from V and K, the reddening free combination of these colours is also included, W(VK) = K − 0.13 (V − K) (see Inno et al. 2012) . Three solutions are listed, depending on whether the LMC Cepheids are put at the barycenter or not. In the former case, one corrects for the tilt and orientation of the LMC disk. The model by van der Marel & Cioni (2001) was used (as Storm et al. 2011b did) . It is based mainly on AGB stars located between 2.5 and 6.7
• from the LMC centre. An alternative model used is that by Nikolaev et al. (2004) , which is based on 2100 Cepheids within 4
• from the centre. The slope and zero point of the observed PL relations are very similar, independent of the type of correction. The smallest dispersion in the K−band is actually achieved when applying no correction. The solution was calculated using a bisector and a weighted least-squares fit and is largely in agreement. The slopes derived here from the observations are in excellent agreement with literature values, some of which are also listed in Table 9 .
As the absolute magnitudes depend on the distance, which in turn depends on the p-factor, changing the slope in the p − log P relation will change the slope of the PL relation. Demanding that the two are equal, it is found that the slope is −0.25 ± 0.05 and −0.25 ± 0.05, in the K− and V−band, respectively. Taking the average of these six determinations, the finally adopted relation is p = p o − 0.24 log P (with an estimated error of 0.03). The dependence of distance on log P and (V − K) colour for the LMC Cepheids is shown in Fig. 9. 6.2. The zero point of the p − log P relation As in Storm et al. (2011a) the zero point of the p − log P is based on stars that have an independent distance, namely those with a parallax (the ten stars listed in Table 6 ) and the Cepheids that are in clusters. For the latter, Storm et al. (2011) used the associations and distances in Turner (2010) . However, this list is not complete (cf. Tammann et al. 2003) , and some results have become available since 2010. A discussion of the distances adopted for Cepheids in clusters in the present sample is presented in Appendix A.
The relation finally adopted is p = 1.50 − 0.24 log P. For this relation, the weighted mean of the ratio of reference distance to BW distance (see later) is 1.000 ± 0.026 for eight stars which have a parallax (the two outliers that deviate by more than 3.4σ and that are removed are W Sgr with a ratio of 2.20 ± 0.36, and FF Aql with 0.58 ± 0.11), and 0.999 ± 0.014 for the 18 stars in clusters. In the latter case, the three outliers that deviate by more than 4.5σ and that are removed are SU Cyg with a ratio of 0.76 ± 0.05, VY Car with 1.57 ± 0.11, and X Cyg with 1.23 ± 0.04, while the recent determinations for δ Cep and ζ Gem were already considered when deriving the best distances for the stars with parallaxes (see Table 6 ).
In comparison, Storm et al. (2011a) base their zero point solely on nine stars with HST parallax (W Sgr is excluded as well, but its BW distance for FF Aql agrees with the HST-based Table 9 . Observed, using a bisector and weighted least-squares fit, and literature PL relations in the LMC. The zero point is listed in the first line, the slope in the second line. Majaess et al. (2012c) was not available to them) shows an unweighted mean difference of 0.12 ± 0.06 in distance modulus. Table 10 lists the distances, radii, and absolute magnitudes obtained for the Galactic, LMC, and SMC Cepheids. The table also lists the adopted E(B − V) and error bar, the derived period, and the p-factor following p = 1.50 − 0.24 log P adopted in the present paper. The distances, radii, and errors scale directly with p. The error in the period is a few units in the last decimal place. For the derived quantities two error bars are quoted. For the distance and radius, the first error bar listed is the error in the fit, and for the absolute magnitudes the error is due to the error in distance and E(B − V). The second error quoted is based on a Monte Carlo simulation, where (1) new datasets are generated based on the error bar in each individual V, K, and RV measurement, (2) the analysis takes into account an E(B − V) value randomly drawn from a Gaussian distribution based on the listed mean value and 1σ error bar, (3) a random error in the p-factor of 0.02 units, and (4) a variation in the number of harmonics used to describe the optical, infrared, and RV curves. The second error quoted is the 1σ dispersion in the derived quantities. Figure 10 illustrates the fit to the V, K, and RV curve for AQ Pup, while Fig. 11 shows the variation of the angular diameter against phase and the change in angular diameter derived from the SB relation against the change in radius from integration of the RV curve from which the distance is derived (see Eq. 5).
Figures similar to Figs. 10 and 11 for all stars in the sample are available from the author. Table 11 presents PL and PLZ relations of the form M = α log P + β + γ [Fe/H] in the V, W(VK), and K−band. The results are given for the SMC, LMC, Galaxy, and for all Cepheids. Because of the small numbers of SMC Cepheids, the results for that galaxy are not reliable and are given for completeness only. For the Galactic Cepheids only and for the complete sample, a few clear outliers are removed (deviating by more than 0.8 mag from the PL relation).
PL(Z) relations
Figures 12 and 13 show the PL relation in the V-band and Kband for the complete sample; in the bottom panel, the residual plotted against metallicity is shown. The first and second error bar quoted for the magnitudes in Table 10 have been added in quadrature.
The metallicity dependence was determined in two ways: 1) by first fitting a linear PL relation and fitting the residual with a linear relation against [Fe/H] (as shown in Figs. 12 and 13 by the solid line, done mainly for easy visualisation), and 2) by making a linear fit in the two variables log P and [Fe/H], as listed in Table 11 and shown in Figs. 12 and 13 by the dashed line.
The slopes of the LMC (−3.21 ± 0.13) and Galactic (−3.03 ± 0.08) PL relation in the K-band are formally consistent at the 1σ level; in the V-band they are consistent only at the 3σ level (−2.69 ± 0.12) for the LMC, (−2.21 ± 0.09) for the Galaxy). The better agreement in K and lesser agreement in V between the two galaxies is in line with theoretically predicted relations Table 10 . Distances, radii, and absolute magnitudes from the BW analysis.
Cepheids AK Cep 0.635 ± 0.049 7.233310 1.294 4035.8 ± 378.2 ± 628.0 59.5 ± 5.6 ± 9.7 -3.90 ± 0.26 ± 0.47 -5.52 ± 0.20 ± 0.43 AN Aur 0.600 ± 0.057 10.289226 1.257 5301.6 ± 544.2 ± 463.4 (Bono et al. 2010) , which give slopes at Z= 0.004, 0.008, 0.02 in the K-band of −3.19 ± 0.09, −3.28 ± 0.09, and −3.22 ± 0.15, respectively, (and δslope/δ log Z = 0.08 ± 0.07 over all metallicities they considered), and in the V-band of −2.87 ± 0.09, −2.80±0.15, and −2.51±0.24, respectively (and δslope/δ log Z = 0.67 ± 0.09). The slope found for the Galactic Cepheids in the V-band (−2.21 ± 0.09) agrees at the 1.5σ level with the value of (−2.43 ± 0.12) in Benedict et al. (2007) based on the ten stars with HST parallaxes. In the K-band, the slope (−3.03 ± 0.08) agrees at the 2σ level with the (−3.32 ± 0.12) found by Benedict et al. The slopes found for the LMC Cepheids in the V-band (−2.69 ± 0.12) and K-band (−3.21 ± 0.13) are in excellent agreement with various determinations in the literature, see Sect. 6.1 and Tab. 9.
The metallicity dependence quoted in G08 based on 68 Galactic Cepheids were γ = (+0.27 ± 0.30) mag/dex (V-band) 
.212 ± 0.017 9.659971 1.264 820.6 ± 33.3 ± 31.1 61.7 ± 2.5 ± 2.4 -4.12 ± 0.10 ± 0.10 -5.64 ± 0.09 ± 0.09 S Nor 0.179 ± 0.009 9.754255 1.263 814.1 ± 23.0 ± 28.4
and (−0.11 ± 0.24) (K-band). Now, values of (+0.17 ± 0.25) and (+0.07 ± 0.20) from 121 Galactic Cepheids and (+0.23 ± 0.11) and (−0.05 ± 0.10) mag/dex from the complete sample are derived. Compared to G08, the larger sample of Galactic Cepheids has reduced the error bar, but the main reduction in error bar has come from adding the MC Cepheids. The outcome is that the iron dependence of the PL relation in the K-band is not significant and only marginally significant (2σ) in the V band. A fit were the slope of the PL relation is also allowed to vary linearly with metallicity is also included in Table 11 but the error bars in the coefficients are large and the result is not significant. This result does depend on the adopted p-factor relation. For a constant p = 1.33, for example, the relation would become log R = 0.737 log P + 1.074. This is in agreement with Molinari et al. (2011) , who find log R = (0.75 ± 0.03) log P + (1.10 ± 0.03) for a constant p = 1.27. A negative dependence of the p-factor on period leads to a shallower slope. The PR relation in Eq. 7 based on stars with known distance has a slope of 0.696 ± 0.033. This is in agreement with the present one, which depends on the p-factor. The slopes in the PR relation that are found in the present work are shallower than often quoted in the literature (see Molinari et al. (2011), and Turner et al. (2010) for recent compilations), but these also depend on the p-factor. For example, Gieren et al. (1998) find log R = (0.750 ± 0.024) log P + (1.075 ± 0.007) for p = 1.39 − 0.03 log P, while Turner & Burke (2002) find log R = (0.750 ± 0.006) log P + (1.071 ± 0.006) for p = 1.31.
Theory predicts slopes shallower than this and more in agreement with the slopes found in the present paper. Recent models by Petroni et al. (2003) lead to log R = (0.676 ± 0.006) log P + (1.173 ± 0.008) for solar-metallicity. Both theory and radii for stars with known distances lead to slopes in the PR relation shallower than found for BW-type analysis with a constant p-factor and thus support a (steep) period dependence of the p-factor.
Summary and discussion
The PL relation in the V and K-band (and the corresponding Wesenheit index) and the dependence on metallicity are investigated for a sample of 128 Galactic, 6 SMC, and 36 LMC Cepheids with an individual metallicity determination from high-resolution spectroscopy. Distances are derived using the Baade-Wesselink technique implementing the most recent surface-brightness relation and estimates for the projection factor.
The slope of the p-factor relation is found to be −0.24 from demanding that the distance to the LMC does not depend on period and (V − K) colour and that the slope of the PL relation in V and K be the same for the observed relations based on apparent and absolute magnitudes. This result agrees within the errors with the slope found by Storm et al. (2011a) . The slope found by Storm et al. and in the present work is much steeper than the one predicted by theory, p = (−0.08 ± 0.05) log P + (1.31 ± 0.06) (Nardetto et al. 2009 ).
The zero point of the relation is tight to the ten Cepheids that have HST and improved Hipparcos parallaxes (and a cluster distance for two Cepheids) and to the 18 Cepheids that have only a cluster distance. The finally adopted relation is p = 1.50 − 0.24 log P.
The metallicity dependence of the PL relation is investigated. No significant dependence is found in K, and W(VK), and a 2σ result in V, γ = +0.23 ± 0.11. The distance scale found here is shorter than that in Storm et al. (2011a, b) because of the smaller p-factor found here. At a typical period of ten days, (1.55 − 0.186 log P)/(1.50 − 0.24 log P) = 1.364/1.26 = 1.08. This is reflected in the distance to the MCs. The median distance to the 36 LMC and 6 SMC Cepheids is 45.5 and 55.7 kpc (Distance Modulus (DM) of 18.29 and 18.73). The error in the mean is 0.47 and 1.4 kpc (0.02 and 0.06 in DM).
Although the absolute distances are short for the adopted pfactor, the difference in DM between SMC and LMC is 0.44 ± 0.06, which is in agreement with other independent determinations (Type ii Cepheids, red clump, tip of the RGB), see the discussion in Matsunaga et al. (2011) . Storm et al. (2011b) found 0.47 ± 0.14.
The difference with respect to Storm et al. in the distance scale is unlikely to be related to reddening. Their values for E(B − V) have been adopted for the MC Cepheids. For the 74 Galactic Cepheids in common, the average difference in adopted E(B − V) is only 0.002.
In general, however, changes in reddening do influence the derived distances. For example, the present Galactic sample has 50 stars in common with the sample in Pejcha & Kochanek (2012) . The average difference in E(B − V) is −0.023 (theirs minus the present work), while for 21 LMC and 3 SMC stars in common with Pejcha & Kochanek, the difference is +0.034 and +0.030.
As a test the distances were re-computed, changing all E(B− V) by +0.05 for the MC Cepheids and by −0.03 for the Galactic ones. The average LMC (SMC) distance is increased by +640 (+900) pc, while the distance to the Cepheids with parallaxes and in clusters is decreased by on average −0.85%. In other The exact procedure of comparing BW to HST-based distances also plays a role. Here, the weighted mean of the ratio has been used. Storm et al. use the unweighted mean of the difference in distances relative to the average of the two distances. If this procedure is adopted then a distance scale longer by 3.7% is found (corresponding to DM of 18.37 and 18.81, respectively).
The distance to the LMC is shorter than most of the recent determinations, which are in the range 18.42-18.55 (Walker 2012 , who quotes 49.7 kpc with a range of ±3%). Within the current framework, this difference could be reconciled by suggesting that the p-factor is larger at lower metallicity by about ∼ 8 − 9% at the metallicity of both the LMC and SMC. This is not predicted by theory (Nardetto et al. 2009 ), but then theory currently also does not predict the steep dependence of the p-factor on period either.
Further improvements could still be made on the observational side. Metallicity determination from high-resolution spectroscopy for the 5 SMC and (a significant subset of the) 22 LMC Cepheids in the sample without such determination would likely further improve the determination of the metallicity term in the PL relation. Interferometry for more stars could improve on better constraining the surface-brightness relation, possibly further investigating the hint of a metallicity dependence noted in Sect. 4. The observations of T Vul (Gallenne et al. 2012 ) demonstrate that angular diameters as small as 0.60 ′′ can be determined reliably in the K-band on 300m baselines.
For reference, Table 12 lists the stars with minimum angular diameters ≥0.59 ′′ and angular diameter amplitude ≥0.06 ′′ , sorted by the latter quantity. It includes objects for which interferometric observations already exist (including objects that would benefit from additional observations, like X Sgr and W Sgr). 
Notes.
( * ) A star that has been monitored interferometrically, see Table 6 .
